We analyze several scenarios for a scalar glueball using arguments based on sum rules, spectral decomposition, the 1 Nc approximation, the scales of the strong interaction and the topology of the flux tubes. The most appealing scenario on which we elaborate is one with a light glueball.
Introduction
The glueball spectrum has attracted much attention since the formulation of the theory of the strong interactions Quantum Chromodynamics (QCD) [1, 2] . QCD sum rules [3] and models [4, 5] have been used to determine their spectra and properties. Lattice QCD computations, both in the pure glue theory and in the quenched approximation of QCD, have been used to determine their spectra [6, 7] . It has become clear by now that it is difficult to single out which states of the hadronic spectrum are glueballs because we lack the necessary knowledge to determine their decay properties [8] . Moreover the strong expected mixing between glueballs and quark states leads to a broadening of the possible glueball states which does not simplify their isolation [9] . The wishful sharp resonances which would confer the glueball spectra the beauty and richness of the baryonic and mesonic spectra are lacking. This confusing picture has led to a loss of theoretical and experimental interest in these hadronic states. However, it is important to stress, that if they were to exist they would be a beautiful and unique consequence of QCD .
Since the very beginning of the study of glueballs the existence of a low lying scalar state has been a matter of debate [9] . Theory seems to favor its existence [10, 11, 12] , while lattice QCD [6, 7] and experiment [13, 14] find only much heavier states. At least physicist have arrived to the consensus, nor without some discussion, that the lowest mass glueball is the 0 ++ [15] . The aim of our work is to reanalyze theoretically the possible existence of a low lying scalar 0 ++ glueball [11] . Our starting point is a world where the Okubo-Zweig-Ishimuras rule is exactly obeyed, i.e., decays which require gluons are strictly forbidden. We call this limit OZI Dynamics (OZID). In the world governed by OZID glueballs build isolated towers of states completely disconnected from mesons, baryons and leptons. The intriguing scalar glueball is in this world a bound state of two strongly interacting gluons with a torus type flux tube topology [16] . OZID confers this topology a Super Selection rule inhibiting any decays from this state into other particles, it is therefore stable and invisible except to gravitational detectors.
The lowest lying glueball, named hereafter g, arises as a pseudo-Goldstone boson of broken scale invariance whose mass will be provided by the gluon condensate. Under OZID g is invisible under Standard Model interactions. On top of g there is a tower of scalar glueballs. In the exact OZID limit these states do not contain any quark components and therefore can only be obtained from the g by gluonic excitations. They are also invisible. However OZID is an idealized scenario which breaks down, and this breaking allows their interaction with, strong, weak and electromagnetic probes. The relic of OZID is that their effective interactions are of very small coupling and therefore scalar glueballs are very difficult to detect.
QCD scalars
To transform the OZID scenario into a Gedanken picture of reality we need the support of theory. Our basic assumption is that the trace anomaly gives rise in QCD to a dilaton which is a pseudo-Goldstone boson of scale invariance in line with the arguments of anomaly cancellation of 't Hooft [17] , which have been so succesfully applied to the axial anomaly [17, 18, 19] . The would be dilaton will describe the 0 ++ glueball ground state. In the extreme OZID picture gluodynamics is the theory describing the g and becomes effectively
where the potential V (g) has been constructed to satisfy the anomaly constraint and some low energy theorems [20, 21, 22] . A consequence of this analysis is the following relation between the mass of the dilaton and the condensate,
where f g =< 0|w|0 > is the dilaton's vacuum expectation value, m g the dilaton mass, and the right hand side arises from the anomaly. This relation was also obtained by Novikov et al. [23] isolating the leading power correction in their calculation 1 . The theoretical support for OZID we find in the 1 Nc expansion of QCD. Eq. (2) is consistent with the expected behavior
Let us introduce the following correlator
It is known that [23] 
which is related to the energy of the vacuum. To leading order in
where M n and m n represent respectively the masses of the glueballs and mesons contributing to the correlator, and the numerators are related to the following transition matrix elements
and
In the extreme
is dominatd by the lowest mass glueball m g , and then
in agreement with the effective theory, i.e.
If we extend the analysis to include the lowest lying meson, which we call σ, we get
and from the general properties of the 1 Nc expansion we obtain,
The above scenario is one of mixing which is what is presently expected. We will retake this discussion later on.
Let us estimate the masses of these two states following the analysis of Shifman [24] who estimated the mass of the 0 ++ gluonia assuming that the gluonic resonances couple strongly to the quark degrees of freedom. In our case, however, the g does not couple to them and it is the σ which plays the role of Shifmans particle, i.e. we approach the calculation in the OZID limit.
The glueball contributes to the spectral function as
The σ follows the discussion in ref. [24] since it may decay into other mesons, i.e. 2π, 2η, 2K, . . ., thus we obtain
where we have used m
The additional term appearing from the existence of the g implies a reduction of the masses with respect to the cited analysis.
Let me use 1 Nc in here,
Repeating the numerical estimate of ref. [24] for massless quarks and for N c = 3 we get m res = 0.6GeV and therefore
For massive quarks the estimates of Shifman lead to
Thus g and σ have similar masses in this naive scenario. We shall abandon it in the next section but before we do so let us discuss the possible value of the mass of the g in gluodynamics.
In gluodynamics the absence of quarks increases the coupling constant. The right hand side of Eq. (12) is related to the energy of the vacuum which increases and the left hand side has no contribution from the quarks, i.e. σ meson, thus
Moreover we expect f g to decrease in gluodynamics since decay channels into photons will be closed. This statement together with our previous estimate Eq. (13) leads to
This analysis justifies why the pure glue lattice calculations find higher mass glueballs.
g -σ Mixing
There are reasons to believe that σ acquires some gluonia components [11] and therefore we consider mixing between the two 0 ++ ground states in line with the discussion in quark model physics [25] ,
where the tilde labels the physical particles and the mixing is associated with the relaxation of the OZID limit. It is only in this way, through the mixing with the σ in the physical states, that we have a window into the world of the g. Let us express the OZID breaking mechanism in terms of the mass matrix,
where m is the common mass and the other terms are the OZID breaking terms, which we shall assume to be of order 1 Nc with respect to m. The relation between the mixing angle and the terms in the mass matrix is immediate,
The eigenvalues of the mass matrix are
Let us assume, in agreement with previous estimates, the following scales. The mass in the OZID limit is,
The other quantities we take to be O( and
i.e. Under the assumption ∆g ∼ ∆σ ∼ δ gσ , then tan 2θ ∼ ±∞ (23) and
In this case if ∆g, ∆σ and δ gσ are negative, we would be in the lowest glueball mass scenario, The other possible choice of parameters simply changes g ↔ σ.
In conclusion our analysis favors unequal masses for the glueball and the sigma both in the strong and weak mixing scenarios and a mass difference which is at the order of a few hundred MeV. We cannot at this point specify neither the order nor the magnitude of these masses but the range is the expected one.
Topology and dynamics
In order to try to understand how nature departs from OZID we resort to topological and symmetry breaking scale arguments.
There are two scales in QCD, the confinement scale, which we associate with Λ QCD ∼ 200MeV and the chiral symmetry breaking scale which is associated to Λ χ ∼ 4πf π ∼ 1000MeV. We expect Λ QCD to be the scale that dominates the glueball dynamics, i.e. m g , while Λ χ that which dominates the scalar meson dynamics, i.e. m σ [26] . If our expectations are met m g should be smaller than m σ and therefore the mass analysis as shown in the previous section would be the one realized in nature,i.e. a low mass glueball seems to be favored in a world with quarks.
A second idea which guides our intuition is the topology of the flux tubes and their relation with perturbative emission. The mesonicstates have an elongated, almost linear structure in their flux tubes. On the contrary the glueball states have a torus like confinement structure [16] . Gluon and quark pair emission will occur within the flux tubes and therefore the scale of the perturbative emission will be
fm.
2 The torus fluxtube is basically a planar figure since the cross section radius of the tube is small with respect to the other radius. Thus ∆p x ∼ 1 2R where R is the radius of the maximun circle of the torus. Thus ∆p = (∆p
Thus the OZID dynamics is more approximate in the case of glueballs because perturbative emission is weak. We expect therefore the perturbative emission approximation of QCD to gluon and quark emission for g to be very appropriate, while for the σ non perturbative chiral effects will be important [26] . Due to this behavior of the glueball we expect the weak mixing scenario to be realized with approximately the following scales m g ∼ 500 MeV and m σ ∼ 1000 MeV .
Our scenario is that of weakly mixed glueball and meson states with a mass for the latter around 1 GeV and a lower mass for the former. The σ behaves like a conventional meson, while the g, which behaves like an almost perfect OZID glueball state. This realization arises in a certain approximation in QCD [27] 
Conclusions
We have analyzed the possible existence of a 0 ++ glueball state from different perspectives. Our analysis has been mostly qualitative and our estimates are based on conjectures about the magnitude of the 1 Nc breakings. However walking all paths we are led to a scenario with a relatively low mass glueball weakly mixed with the corresponding σ meson state. This glueball is very narrow since [22, 23] ,
This glueball represents a beautiful example of OZID dynamics. Which particle corresponds to the σ meson decides the expected scenarios. The conservative one is to consider that the 0 ++ nonet contains dynamically generated poles, which decouple in the large N c limit, and preexisting scalars which survive this limit [26] . In this case our σ meson would correspond to the f 0 (980) in surprising agreement with our crude estimate. In here g would have a mass close to the f 0 (600) and would probably mixed with it making g difficult to isolate and to detect [29] . The unconventional and exotic possibility, given the qualitative nature of our analysis, would be to disregard the analysis of dynamically generated poles, and consider that our σ corresponds, in our weak mixing scenario, to the f 0 (600), this would imply that the glueball could be extremely light, maybe even below the two pion threshold, and therefore an almost stable new hadronic state. An appealing possibility which however makes the g almost invisible [29] . Such a low mass glueball appeared also, as the result of a low energy theorem, in QCD sum rules [28] , although they run into consistency problems with the non-subtructed sum rules [9] .
The problem therefore with g is that it is in any case very difficult to detect. It is narrow since its coupling to pions and photons is very small and at present practically impossible to produce in light-light collision because its mass is not well determined. It probably hides within the peak of the f 0 (600) in the decays [10, 11, 12] . Looking at 2γ or 2π processes with very fine resolution one might be able to disentangle it from the f 0 (600) background, once the latter becomes very well known. We admit it is not an easy enterprise and further thoughts need to go into the process of its detection, but the possibility of discovering a whole new sector of the QCD spectrum [2] makes the task exiting.
Recently, H. Forkel has performed, on the basis of the extended OPE, a comprehensive quantitative analysis of eight Borel-moment sum rules in both spin-0 glueball channels. He concludes from his analysis that f g ≈ 1000MeV >> f π , and that the scalar glueball mass is large m g = 1250 ± 200MeV [30] . These results imply, in our mixing scheme, a scenario with a light scalar meson (f 0 (600) or the f 0 (980)) and a heavy glueball (1000-1250 MeV), the opposite as above. The possibility that a second, low mass scalar glueball, the wishful ground state, satisfying the above scenario, could be hidden in this calculation has been discussed at great length. However, no evidence for an additional, low-lying scalar glueball has been found in these sum rules.
